Abstract This study analyzed the relationship between economic growth and emissions of eight environmental air pollutants (carbon dioxide (CO 2 ), methane (CH 4 ), nitrous oxide (N 2 O), nitrogen oxide (NOx), sulfur oxide (SOx), carbon monoxide (CO), non-methane volatile organic compound (NMVOC), and ammonia (NH 3 )) in 39 countries from 1995 to 2009. We tested an environmental Kuznets curve (EKC) hypothesis for 16 individual industry sectors and for the total industrial sector. The results clarified that at least ten individual industries do not have an EKC relationship in eight air pollutants even though this relationship was observed in the country and total industrial sector level data. We found that the key industries that dictated the EKC relationship in the country and the total industrial sector existed in CO 2 , N 2 O, CO, and NMVOC emissions. Finally, the EKC turning point and the relationship between economic development and trends of air pollutant emissions differ among industries according to the pollution substances. These results suggest inducing new environmental policy design such as the sectoral crediting mechanism, which focuses on the industrial characteristics of emissions.
Introduction
Industrial sectors discharge large amounts of pollutants into the air. These emissions cause severe damage to human respiratory and cardiovascular systems, increasing incidences of premature mortality as well as hospital admissions and outpatient visits (Kan and Chen 2004; Levy and Greco 2007; . To efficiently reduce air pollutant emissions, emission forecasting can be useful for selecting appropriate environmental policies to balance social cost and economic losses. Additionally, the identification of a relationship between economic activities and emissions levels is important to forecast the future.
There are many earlier studies focusing on the relationship between environmental pollutant emissions and economic development; this relationship is called the environmental Kuznets curve (EKC) hypothesis.
1 From this research, 1 The EKC hypothesis has been tested in many countries using various pollutant data. EKC studies addressing SO 2 emission and NOx emission are mainly from the 1990s and early 2000s (see Dinda 2004; Stern 2004) .
In recent EKC studies, most focus on CO 2 emissions, such as in Scotland (Turner and Hanley 2011) , Spain (Esteve and Tamarit 2012) , 27 EU countries (Lopez-Menendez et al. 2014) , 7 Arctic countries (Baek 2015) , 19 OECD countries (Wang 2013) , Turkey (de Vita et al. 2015) , Vietnam (Al-Mulali et al. 2015) , 14 Asian countries (Apergis and Ozturk 2015) , and Tunisia (Jebli and Youssef 2015) .
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findings addressing those pollutants that cause local environmental problems (e.g., acid rain or river pollution) often support the EKC. Typical local pollutants are sulfur dioxide (SO 2 ) and nitrogen oxide (NOx). However, it is often noted that emissions related to global environmental problems (e.g., CO 2 for climate change) do not support an inverted Ushaped curve relationship with economic growth.
In most previous studies addressing the relationship between environmental pollutant emissions and economic growth, the applied data are cross-country (regional) or are from all industries within one country but do not include individual industrial characteristics. Cross-country EKC analysis tends to show the close relationship between environmental emissions and gross domestic product (GDP) or related policy variables (Farzin and Bond 2006; Wagner 2008; Galeotti et al. 2009; Tsurumi and Managi 2010) .
Here, we consider the mechanism of the EKC. Grossman and Krueger (1995) suggested three factors as keys to understanding the shape of the EKC. These factors are (1) economic scale, (2) technology level, and (3) industrial composition effects. The industrial composition effect is especially difficult to interpret with respect to the EKC (Tsurumi and Managi 2010) . Additionally, Steinbuks (2012) suggests using industry level data to avoid the measurement error associated with aggregation over industries. It is clear that the required investment and combustion technologies of fossil energy vary by industry based on the usage of energy inputs (e.g., intermediate materials or combustion). That is, pollution intensity and abatement costs differ across industries. Therefore, we establish the following research hypothesis:
Research hypothesis 1 There are some industrial sectors that do not have an inverted U-shaped relationship between sectoral pollutant emissions per capita and economic development even though an inverted U-shaped curve is observed in country or industrial sector level data.
This hypothesis represents the observation that the EKC relationship at the country or industrial sector level observed in previous literature is mainly caused by industrial structure change instead of technical change or economic scale change. Therefore, we assume that there are some industrial sectors that will not have the observed EKC relationship if we directly control for effects from industrial structure change. propose estimating the EKC relationship by separately controlling for economic scale and technology according to the type of industry. Following , this study applies the estimation model separately to each type of industry. Thus, we discuss the EKC relationship in the context of detailed compositional differences in industrial characteristics and types of air pollution substances. Therefore, the objective of this study is to clarify the relationship between economic development and sector level air pollution emissions.
Research hypothesis 2 There are key industrial sectors that dictate the EKC relationship at the total industrial sector or country level.
The second hypothesis states that the observed EKC relationship at the total industrial sector or entire country level strongly depends on the performance of several key industries. It is clear that industries that contribute a high ratio of air pollutant emissions in relation to the entire industry play an important role in reducing air pollutants. However, the difficulty of emission reductions is that industries do not always show the same trend with their share of emissions. We assume that some industries decrease their air pollutant emissions with economic growth, while the other industries share a low ratio of emissions across the entire industrial sector.
We can observe various scenarios in an EKC relationship. The first case is when an industry with a high ratio of emissions decreases those emissions through economic development. In this case, the key industries are identified as those industries that share a high ratio of emissions. The second case is when an industry with a high ratio of emissions does not reduce emissions through economic development. Meanwhile, other industries with low emission ratios reduce those emissions rapidly with economic development. In this case, the key industries in the observed EKC relationship are the latter industries with low emission ratios. Thus, our second research hypothesis tries to clarify how the EKC relationship of each air pollutant is constructed, focusing on key industries.
The main objective of this study is to examine the possibility of an EKC relationship between multiple air pollutant emissions and economic development when controlling for the industrial structure composition effect. Another objective is to identify the key industries that dictate the EKC relationship for the emission of each air pollutant (i.e., the identification of key industries in the EKC). These objectives are not clarified in previous research, and we believe that they are novel.
Methodology
We apply a panel regression analysis to the EKC relationship. To examine the relationship between environmental pollutants and economic development, we consider the specifications shown in Eqs. (1) and (2). The relationships are assumed to be quadratic or cubic.
To capture those country characteristics influencing GDP per capita (GDPper), control variable vector X is incorporated into the models. η and μ are unobserved country-and timespecific fixed effects, respectively. ε is an idiosyncratic error term. β are the estimated coefficients. We estimate the quadratic and cubic models by applying a random effect generalized least squares regression and a fixed effect generalized least squares regression.
The vector X represents country characteristics. Based on the above equations, we use five control variables (defined below), which include (1) high pollution intensity fossil fuel dependency (DEPEND), (2) energy efficiency (EE), and (3) skilled labor (SKILLED). These three variables are applied to control for the technology level. Additionally, we use (4) industrial value share (SHARE), which is applied to control for the scale and (5) the country's political situation (POLITY). By applying these control variables, we try to control for each country's characteristics in the estimation. To analyze the EKC relationship by type of pollutant, we calculate the quadratic and cubic models using environmental pollution emissions per capita separately as a dependent variable.
We define the DEPEND variable as the share of coal and oil energy use in total energy use, as calculated by the amount of coal and oil energy consumed in relation to total energy use. According to Barros et al. (2012) and Barros et al. (2013) , choice of clean and dirty energy is important to understand the trend of environmental pollution due to fuel combustion. Therefore, we focus on the pollution intensive fossil fuels such as coal and oil in this study. DEPEND can be reduced by decreasing the coal and oil energy use share in total energy consumption. DEPEND controls the level of use of dirty energy, which generates air pollution in the combustion process. A detailed definition of coal and oil energy is included in Appendix A1.
Second, the EE indicator, which indicates efficient energy use, is calculated as industrial value added in relation to total energy use. This indicator can be increased by increasing the amount of unused or Bsaved^energy due to technological improvements in energy use. Third, the SHARE indicator is calculated by dividing each industry sector's value added by GDP, yielding each industrial sector's share of value added in total GDP. This indicator (e.g., SHARE, k) decreases if the value added of industry k decreases more quickly than GDP or if the value added of industry k increases more slowly than GDP. This indicator captures the scale effect of industrial production activities relative to the country's economic activities.
Fourth, the high-skilled labor ratio (SKILLED) is calculated by recording the number of high-skilled persons employed in relation to the total number of employees (share in total employees). Highly skilled labor contributes to the design of an efficient production process that can promote energy savings and pollution prevention. Finally, we use the polity variable (POLITY) to control for the country's political situation. Corrupted or unstable governments disturb industrial development and disrupt the enforcement of environmental policy in pollution abatement activities. As Leitão (2010) noted, BHigher corruption delays governments' concerns and control for environmental quality, postponing stricter environmental laws and stricter enforcement of those laws.Â dditionally, decision makers at companies hesitate to invest in expensive efficient modern production equipment if they have concerns about the economic conditions of the country. Thus, we use the POLITY variable to control for the effect of the political situation on emissions.
Data
Our dataset is from 39 countries and 14 industries and covers 1995 to 2009 (see Table 1 ). We took the industrial value added, the amount of energy consumed, the skilled labor ratio, and the air pollution data from the World Input Output Database (WIOD) (Timmer et al. 2015) . The industrial value added data are deflated to 2005 prices (US$). The price deflator is also found in the WIOD data. We apply the International Energy Agency's energy type clarification for the DEPEND variables (see Appendix Table A1 ).
Air pollution data include carbon dioxide (CO 2 ), methane (CH 4 ), nitrous oxide (N 2 O), NOx, sulfur oxide (SOx), carbon monoxide (CO), non-methane volatile organic compounds (NMVOC), and ammonia (NH 3 ) from the WIOD. CO 2 emissions are critical air pollutants that have been found to drive climatic change. The other seven air pollutants also critically impact human health, biodiversity, crop success, urban ozone, and global warming problems (de Leeuw 2002; Tollefsen et al. 2009) .
GDP and population data are observed from the World Development Indicator database. GDP data are deflated to 2005 prices. The polity variable is from the Worldwide Governance Indicators (WGI) published by World Bank. The WGI evaluates each country's policy using six criteria: (1) voice and accountability, (2) political stability and absence of violence/terrorism, (3) government effectiveness, (4) regulatory quality, (5) rule of law, and (6) control of corruption. The WGI score ranges from 1 to 5, and a higher score indicates greater freedom. In this study, we use the numerical (2) average of the six WGI scores to represent the degree of political freedom for industrial activities. We created 18 panel datasets with 585 samples (39 countries×15 years) by industry type. The average data score of each industrial dataset is shown in Table 2 .
Results

Definition of the EKC relationship
We conducted a model specification F test to assess the quadratic and cubic effects of GDP per capita. Then, to estimate the sectoral air pollutant emissions per person, we applied the most preferable functional form following the results of the F test. Additionally, we select the preferable specificationfixed effects or random effects-using the Hausman test results. We also estimated the correlation score and variance inflation factor (VIF) of the independent variable to check for multicollinearity problems. The VIF scores of all control variables are below 6.0, we conclude that there are no multicollinearity problems in our estimation.
Here, we define the pattern of the relationship between economic development and air pollutant emissions using the coefficient parameter combination from the panel regression analysis. Following Lopez-Menendez et al. (2014) and Balsalobre et al. (2015) , we categorize the patterns of the relationships using coefficient parameters β 1 , β 2 , and β 3 estimated by Eqs. (1) and (2). We summarize the patterns of the relationships in Table 3 . Seven patterns for the relationships are described in Table 3 . Each relationship pattern is defined by a parameter sign and the GDP per capita of the turning point's (TP's) coordinates. This study defines the inverted U shape as an EKC relationship. Table 4 shows the GDPper score of the TPs' coordinates for the observed EKC relationships. Three patterns for the relationship between air pollutants and economic development have the potential to yield an EKC relationship. We consider the N-shaped and the inverted N-shaped curve with two TPs to describe the same trend as the inverted U-shaped curve if the TPs have the condition described in Table 4 .
First, the inverted U-shaped relationship can be identified as an EKC if the TP is not close to zero and the absolute value of GDPper at the TP's coordinates are below three standard deviations (σ ) of the mean value of GDPper. This describes an Because we drop the Luxemburg which has missing value in leather industry and oil industry, GDPper and polity variable of two industries are different with others EKC because the inverted U-shaped curve has almost the same trend as a monotonically decreasing curve if the TP is close to zero (see Appendix Fig. A1) . Similarly, the inverted U-shaped curve has almost same trend as a monotonically increasing curve if the TP is beyond three σ of the mean GDPper score in the data sample. 2 In the latter case, it is not expected that air pollution will decrease with economic growth in the short term because only a few of the countries are located beyond the GDP per capita level of the TP's coordinates. Therefore, we do not identify the inverted U-shaped curve without the conditions for the TP from Table 4 .
Second, we can identify the N-shaped curve condition in Table 4 as an EKC relationship because it has almost the same trend as the inverted U-shaped curve if the GDPper at the TP's coordinates satisfies the condition in Table 4 . In other words, the N-shaped curve can be understood as an inverted U-shaped curve if there is a monotonically decreasing relationship in the area beyond first TP's coordinate. As we explain above, it is more realistic to understand the U-shaped or inverted Ushaped curve as a monotonic relationship if the GDPper values at the TP's coordinates are extremely high or low. The N-shaped curve in the area beyond the first TP's coordinates has a Ushaped curve (see Appendix Fig. A2 ). Therefore, the Nshaped curve can be understood as an inverted U-shaped curve in the short term if the second TPs' coordinates can satisfy the condition in Table 4 . Similarly, the inverted N-shaped curve is also identified as an EKC relationship if both the lower and higher TPs' coordinates satisfy the condition in Table 4 .
Results of country and industry level data
The coefficient scores for GDP per capita are summarized in Table 5 . Additionally, we estimate the predicted value of air pollutant emissions per capita using the panel regression results (see Appendixes Table A3 to Table A10 for specification results). In Table 5 , each alphabet symbol represents the type of relationship between pollutant emissions per capita and GDP per capita: BL^represents linear, BQ^is quadratic, BCm eans cubic, and BN.S.^indicates a non-significant relationship. Each coefficient has a positive or a negative sign, which we put in parentheses. Additionally, we describe the coordinate data for GDP per capita (US$1,000) if the functional form has a TP. If the cubic functional form does not have a TP, we put the word Bmonotonic^in parentheses.
From Table 5 , we observe the following relationships using country level data. (1) An inverted U-shaped curve is observed in the CO 2 case. (2) The N-shaped relationship is observed in the CH 4 , N 2 O, NMVOC, and NH 3 cases. (3) The inverted N-shaped relationship is observed in the NOx and SOx cases. Next, we identify the EKC relationship using the TPs' coordinates from Table 4 . Because the mean value plus three σ of GDPper in our data sample is US$69,688, 3 we apply this score to represent the upper limit of the TPs' coordinates to identify the EKC relationship.
From Tables 4 and 5 , we can observe that CO 2 , CH 4 , N 2 O, NMVOC, and NH 3 emissions have an EKC relationship on the country level, and CO 2 , N 2 O, CO, and NMVOC emissions have an EKC relationship on the total industry level. Therefore, CO 2 , N 2 O, and NMVOC emissions are observed to have EKC relationships on both the country level and the total industry level. However, CH 4 and NH 3 emissions do not have an EKC relationship on the total industry level even though one is observed on the country level. Additionally, the predicted values of air pollutant emissions described as a line chart in the Appendix (Figs. A3 to A10) trend differently between country and industry for CH 4 , N 2 O, NOx, CO, NMVOC, and NH 3 emissions.
The interpretation of these results is that these emissions' share of the industrial sector on the country level is low (see Table 2 ). Therefore, the emissions change in the industrial sector does not strongly affect the emissions trend at a country level. In addition, the pollution generation mechanisms and 2 Under a nominal distribution, 99.7 % of data are located between mean value±three times of standard deviation. Therefore, the score located out of this data range can be understood as an extreme value. 3 Only Luxembourg has a GDPper beyond the mean value plus three σ. The mean value minus three σ is US$−27,607. the abatement activities differ among emitters. 4 The main emitters of CH 4 and NH 3 are cattle and animals; these emissions are difficult to abate with the types of equipment introduced in industrial plants. These types of issues drive differences in emissions with economic development trends between the country and industry levels.
In Table 5 , we do not observe an EKC relationship for NOx and SOx emissions. These results differ from several previous studies that indicated an EKC relationship for sulfur emissions (Cole et al. 1997; Selden and Song 1994; Stern and Commons 2001) . The primary reason for the different result is that the research periods covered differ. Previous research that supported an EKC relationship for sulfur emission was analyzed using mainly 1970s and 1980s data. Meanwhile, this study uses a dataset from 1995 to 2009. Because fossil fuel combustion equipment and pollution abatement technologies were developed in the 1990s, developing countries can now introduce highly efficient machines at a relatively low cost compared with previous decades. The modernization of pollution abatement technologies allows developing countries to leapfrog the traditional pattern of increasing air pollution emissions with economic development (Bhupendra and Sangle 2015) .
Verification of research hypotheses
Next, we discuss the results by focusing on the two research hypotheses introduced in the BIntroduction^section. The first research hypothesis assumes that there are some industrial sectors that do not have an EKC relationship even though this relationship is observed at a country level or a total industrial sector level. From the previous section, we clarify that the CO 2 , CH 4 , N 2 O, NMVOC, and NH 3 emissions have an EKC relationship on the entire country level, and CO 2 , N 2 O, CO, and NMVOC emissions have the EKC relationship in total industrial sectors. Table 5 indicates that there are many industrial sectors that do not have an EKC relationship (hereafter, non-EKC industries). We observe 14, 13, and 11 non-EKC industries from the model using CO 2 , N 2 O, and NMVOC emissions, respectively. Additionally, results from the model using CH 4 , CO, and NH 3 emissions are also included in the non-EKC industries, even though the EKC relationship is observed on the country level or the total industry level. Therefore, we consider the first research hypothesis to be supported in the cases of CO 2 , CH 4 , N 2 O, CO, NMVOC, and NH 3 emissions. However, the first research hypothesis is not confirmed with regard to SOx and NOx emissions because the EKC relationship is not observed on the country or the total industry level.
Next, we discuss the second research hypothesis by focusing on the key industry dictating the EKC relationship. We particularly consider CO 2 , N 2 O, and NMVOC emissions, which have an EKC relationship on both the country and the industry level. To clarify the key industry, we apply a panel regression analysis using country and industry data and deduct each industry's data. In other words, we confirm the EKC relationship by using country and industry data and then exclude each industry's data. Here, we explain the estimation process using the food industry as an example. In this case, the emission data are set as Bemission data of country-emission data of food industry^and each control variable is set as Bcontrol variable of country data-control variable of food industry.^5 We identify the food industry as the key industry if the EKC relationship is not observed in the estimation results after deducting the food industry data. Table 6 represents the results of the key industry identification. In Table 6 , we focus only on the emissions data, which detect the EKC relationship at the country and total industry level. From Table 6 , we identify the oil industry as the key industry dictating the EKC relationship for NMVOC Each alphabet symbol represents the type of relationship between pollutant emissions per capita and GDP per capita. Because coefficient has either positive or negative sign, we put the sign in parentheses. Additionally, we describe coordinate data of GDP per capita (US$1,000) if functional form has the turning point. If cubic functional form does not have turning point, we put the word Bmonotonic^in parentheses. The bold letters indicate that the EKC relationship is not observed in the deducted data L linear, Q quadratic, C cubic, N.S. not significant relationship emissions at the country and total industry levels. Additionally, the metal industry is identified as the key industry dictating the EKC relationship for CO 2 and CO emissions at the total industry level. Third, the construction industry is identified as the key industry for N 2 O emission in the total industry level data. Therefore, we consider the second research hypothesis to be supported by NMVOC emissions at the country level and CO 2 , N 2 O, CO, and NMVOC emissions at the total industry level.
In our estimation, we observed five key industries that had an EKC relationship on both the country and industry levels. The results in Table 6 imply that NMVOC emissions and CO emissions would decrease monotonically with economic development if air pollution management was successfully introduced into the key industries. Therefore, the oil and metal industries have important roles in decreasing NMVOC emissions and CO emissions, respectively. Surprisingly, the electricity sector is not identified as a key industry, even though its share of emissions is high (see Table 2 ). One interpretation of this result is that air pollution emissions from the electricity sector strongly depend on the method of power generation. Air pollution is emitted from thermal power generation, but little air pollution is emitted from hydro and nuclear power generation. Electricity generation portfolios are diverse among the countries in our sample and are more strongly affected by the characteristics of the geography, resources, and disaster conditions than by the economic development stage. Therefore, the electricity sector does not exhibit an EKC relationship and is not a key industry in air pollution emissions.
Conclusion and policy implication
This study investigated how differences in industry and type of air pollutants affect the relationship between economic growth and air pollutant emissions. We tested the EKC for 16 industrial sectors. From the results, we found that the EKC turning point and the relationship between GDP per capita and sectoral environmental pollutant emissions differed across industries and type of air pollutant.
We also clarified that several industries did not have an EKC relationship even though an EKC relationship is observed in country and total industrial sector data. Another finding is that key industries that dictate the EKC relationship at the country and total industrial sector levels differed by air pollutants. In addition, we found that the EKC turning points and the relationship between GDP per capita and sectoral environmental pollutant emissions differed across industries and types of air pollutant.
Two policy implications from this study are available. Firstly, the results of this study can suggest the priority for air pollutant reduction considering industrial characteristics and pollutant emission trend with economic development. According to United Nations Environment Programme (UNEP) (2014) and IPCC (2014), effects of air pollution for human health and climate change issue are different among substances. Additionally, the abatement cost of each air pollutant substances differs among industries. Under budget constraint for air pollution control, each country can set the reduction strategy referring relationship between economic development and air pollution emissions by industries.
Second policy implication is about new pollution control mechanism considering industrial characteristics. Differences of turning points and relationship between economic development and pollution emission trends tell us the importance of establishing the emission targets of air pollutants and creating a system to achieve sustainable development. Additionally, the ability to forecast emissions based on economic development could be helpful in estimating the potential magnitude of environmental problems. If we could detect conditions in which economic development leads to increased air pollution, we might be able to treat the source of emissions earlier and at a lower cost. We believe that these research results suggest inducing new environmental policy design such as the sectoral crediting mechanism (SCM), which focuses on the industrial characteristics of emissions (Cai et al. 2012) .
Further research should investigate the relationship between economic growth and air pollution from the services and household sectors, including the transportation system in addition to industrial sectors. Such an analysis could clarify this causal relationship in relation to industrial characteristics. Based on individual EKC relationships, we can foster the effective environmental policies needed by each country to achieve sustainable development.
